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Introduction
In the biotechnology industry, protein precipitation is widely used to recover and purify proteins from aqueous solutions using inorganic salts or nonionic polymers as a precipitating agent (Rothstein, 1994) .
When typical salts are added to water in appreciable amounts, the structure of water is altered. Enhanced association between water and salt ions causes water to be stripped from the protein, thereby increasing hydrophobic attraction between protein molecules (Becker, 1995; Coen, 1995; Vlachy, 1992 Vlachy, , 1993 . Salts with these properties are called kosmotropes; they are effective at salting-out proteins. Due to their high charge density and small size, kosmotropes increase the surface tension of water and serve as water-structure makers. Ions that break water structure, called chaotropes, tend to salt-in proteins. The surface tension of water is lowered when large ions disturb the water lattice (Rothstein, 1994) . The salting-out and salting-in influence of ions was recognized long ago by Hofmeister (1888) who proposed a qualitative lyotropic series.
For common anions, the Hofmeister series is given by SO/-> H 2 P0 4 -> CH3COO-> cr > Bf > r > N03-> SCN-; for common cations it is Lt> Na+ > K+ > NH/. Generally, ions high in the lyotropic series act as kosmotropes, ordering the structure of water and causing increased attraction between protein molecules. As more salt is added, increased protein-protein attraction leads to precipitation. Ions low in the series (chaotropes) often act as salting-in agents.
An osmotic-pressure system consists of two cells separated by a semi-permeable membrane. The system contains an inner aqueous saline solution (component 1) and protein (component 2), and an outer solution containing only component 1. The inner -2-solution is denoted as the sample solution; the outer solution is the reference solution.
The membrane that separates these two solutions is impermeable to the protein but permeable to water and salt. At equilibrium, the chemical potential of any permeable species must be equal on both sides of the membrane. The presence of a non-diffusible solute in the sample solution reduces the solvent chemical potential and causes solvent from the reference chamber to the sample chamber. Solvent flow can be eliminated and equilibrium established by applying additional pressure to the sample chamber.
The additional pressure is the osmotic pressure II as discussed in texts on physical chemistry. To express II in terms of protein concentration, we utilize the solution theory of McMillan and Mayer (1945) 
where r is the center-to-center distance between two protein molecules. equation (1) 
Protein-Protein Interaction
The importance of protein-protein interactions in protein crystallization has been demonstrated by George and Wilson (1994) who have proposed that a crystallization "window" exists for the protein-protein osmotic second virial coefficient, B 22 , which is a direct measure of the protein-protein pair potential. Protein-Protein interactions can be probed by a variety of techniques including membrane osmometry, sedimentation, and low-angle laser scattering (LALLS). All of these techniques yield a protein-protein osmotic second virial coefficient (B 22 ) , that can be related to the potential of mean force.
The potential of mean force is defined such that its negative derivative with respect to distance is the force between two solute molecules at infinite dilution, averaged over all configurations of the solvent molecules (McMillan and Mayer, 1945) . If the potential of mean force (W 22) is for a globular protein, a possible expression for W 22 is the sum of the following spherically symmetric potentials -4-
where r is the center-to-center distance, Whs(r) is the protein hard-sphere (excludedvolume) potential, Welec(r) is the electric double-layer repulsion potential, Wdisp(r) is the dispersion potential of Hamaker, Wosmotic(r) is an attractive interaction due to the excluded-volume effect of the salt ions. The first three terms, Whs(r), We1ec(r), and W disp(r), are described by Derjaguin-Landau-Verwey-Overbeek (DL YO) theory (Verwey and Overbeek, 1948) where proteins are modeled as rigid spheres with uniform surface charge immersed in a continuous dielectric medium containing point-charges salt ions.
Details concerning equation (5) are given elsewhere (Vlancy et aI, 1993) Osmotic pressures for some proteins at low concentrations of univalent salts may be predicted accurately by the DLVO model (Wu and Prausnitz, 1998; Coen et aI., 1995; Vilker et aI., 1981) . However, at higher salt concentrations, the excluded volume of the salt ions is significant and Wos m otic(r) must be included in the model (Vlancy et aI, 1993) . Size parameters are given in Table 4 .
In our studies on the fundamentals of protein precipitation using salts, we were struck by the observation of George and Wilson (1994, 1996) that indicate a relationship between precipitation effectiveness and osmotic second virial coefficient: A good crystallizing agent is likely to be one that produces a moderately negative osmotic second virial coefficient of the protein at a reasonable salt concentration well below saturation.
We have therefore measured the osmotic pressures of aqueous salt solutions of lysozyme at 25 °c in the protein concentration range 4 to 20 grams per liter at three pH: 4, 7 and 8.
Three ammonium salts were studied: sulfates, oxalates, and phosphates at two levels of salt concentration corresponding to Ionic strength 1 and 3 M.
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Experimental Materials
Hen-egg-white lysozyme was purchased from Boehringer Mannheim Corporation GmbH (Germany). Ammonium Sulfate, and Dibasic Ammonium Phosphate certified ACS were purchased from Fisher Scientific company (Fair Lawn, NJ), and Ammonium
Oxalate was purchased from Sigma Company (St. Louis, MO). A Barnstead-Nanopure
Water-Purification System was used to purify the water used in all experiments.
Regenerated cellulose membrane disks with a nominal molecular weight cutoff of 10,000
were purchased from Millipore Corporation (Marlborough, MA). Membranes were 
Membrane Osmometer
Osmotic-pressure measurements were made using a Wescor Colloid Osmometer (model 4420, Logan, UT). Figure 1 shows a schematic of the osmotic-pressure system.
Calibration of this instrument was carried out using a water manometer made by Wescor company (Logan, UT).
The reference solution is contained in the lower cell while the upper cell contains the protein solution. Syringes are used to inject about 10 ml salt solution into the reference chamber and 5 ml protein solution into the sample chamber. These amounts ensure that solutions from the previous measurement are completely flushed out.
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Results
Measurements with lysozyme in ammonium sulfate solution were taken over an ionic-strength range of 1.0 to 3.0 M at pH 4, 7, and 8. Measurements in ammonium phosphate solution were taken over an ionic strength range of 1.0 to 3.0 M at pH 7, and 8.
In ammonium oxalate solution, measurements were taken at 1.0 M ionic strength at pH 4, 7, and 8. Table 1 shows measured osmotic pressures. In our method of data reduction, we did not consider salt as a component. We considered the protein as the solute and salt solution as the solvent. The osmotic second virial coefficient is obtained from the slope of a plot of II/c2RT versus C2. The inverse of the intercept is the molecular weight at infinite dilution. An illustrative plot is shown in Figure 2 that presents typical data for osmotic pressures of lysozyme in ammonium sulfate. For pH 8.0 and 1= 1.0 M ammonium sulfate, the infinite-dilution molecular weight is 17000 g/mol, and the osmotic second virial coefficient is -3.07 x 10-4 ml-mol/g2. Figure 3 presents number-average molecular weights and osmotic second virial coefficients (B22). Table 2 shows that the second virial coefficient of lysozyme becomes more negative as pH increases from 4 to 8. All osmotic second virial coefficients are negative indicating net attraction of lysozyme molecules in solution. The magnitude of the coefficient rises with increasing ionic strength.
The electric charge on lysozyme depends on pH as shown in Table 3 . As pH rises, the charge declines. It is therefore reasonable that the osmotic second virial coefficient becomes more negative as the pH goes from 4 to 8. The osmotic second virial coefficient oflysozyme depends on ionic strength as shown in Figure 4 .
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